The unifiable supersymmetric left-right model where the neutral fermion n in the SU (2) R doublet (n, e) R is a dark-matter candidate, is shown to have the requisite particle content for the neutrino ν in the SU (2) L doublet (ν, e) L to acquire a small radiative Majorana mass from dark matter, i.e. scotogenic from the Greek "scotos" meaning darkness. As a result, there are at least three coexisting stable dark-matter particles with different interactions. We study their possible phenomenological impact on present and future experiments.
Introduction
To understand dark matter in the context of extensions of the standard model of particle interactions, there are many avenues. Supersymmetry with R−parity conservation is the most common approach. Two other well-motivated scenarios have also been proposed in recent years. One is the idea of radiative neutrino mass induced by dark matter. The simplest such one-loop mechanism was proposed by one of us in 2006 [1] . It has been called "scotogenic" from the Greek "scotos" meaning darkness. This proposal has been studied and extended in a number of subsequent papers [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Another is to have a left-right extension where the neutral component n of the SU (2) R doublet (n, e) R is dark matter [18] [19] [20] [21] [22] [23] .
It was pointed out [22] that with the addition of new supermultiplets, the dark leftright model is unifiable with all gauge couplings converging at an energy scale of about 10 16 GeV. These additional particles turn out to be exactly what are required for radiative neutrino masses in the scotogenic model [1] . Hence an opportunity exists for merging all three mechanisms for dark matter in the context of a supersymmetric unified theory of radiative neutrino masses. In this paper we will focus mainly on the dark matter (DM)
phenomenology of this comprehensive model.
Model
Consider the gauge group SU (3) C × SU (2) L × SU (2) R × U (1). A new global U (1) symmetry S is imposed so that the spontaneous breaking of SU (2) R × S will leave the combination
M and H are discrete Z 2 symmetries, with the usual R parity of the MSSM given by R ≡ M H(−1) 2j , the superfields transform as shown in Table 1 (1, 2, 1, −1/2) 0 + + Φ L2
(1, 2, 1, 1/2) 0 + + Φ R1
(1, 1, 2, −1/2) −1/2 + + Φ R2
(1, 1, 2, 1/2) 1/2 + + η L1
(1, 2, 1,
(1, 1, 1, 0) 0 + − Table 1 : Particle content of proposed model.
The superpotential of the model reads:
The symmetry S × M × H is used here to distinguish ψ, Φ L1 , η L1 from one another, as well as ψ c , Φ R2 , η R2 , and N, n, ζ 3 . There are seven bilinear terms with coefficients µ and seventeen trilinear terms with coefficient f allowed by S × M × H.
Hence m e comes from the I 3L = 1/2 and 
contribute to fermion masses, but is involved in the scalar and vector masses. This structure guarantees the absence of tree-level flavor-changing neutral currents.
Radiative seesaw neutrino masses
Since the neutrino ν does not couple to N through Φ L2 , it has no tree-level mass. However, the νN η There are three conserved quantities in this model: a global U (1) number S = S + T 3R , with S = 0 for the usual quarks and leptons and S = 1 for the scotino n, and the discrete Z 2 symmetries M and H. The usual R parity is then R ≡ M H(−1) 2j . The various superfields of this model under S , M , and H are listed in Table 2 . A possible scenario for dark matter is Table 2 : Superfields under S = S + T 3R , M , and H.
to have the following three coexisting stable particles [24] : the lightest neutralinoχ For example, if the scalar counterpart of n cannot decay into n plus the lightest neutralino, then it will also be stable. There may even be several exotic stable η and ζ particles. The dark sector may be far from just the one particle that is usually assumed, as in the MSSM.
In the presence of several dark-matter candidates, the one with the largest annihilation cross section contributes the least, but may be the first to be discovered at the Large Hadron
Collider (LHC). This means that in this model, the severe constraint due to dark-matter relic abundance on the one candidate particle of the MSSM, i.e. the lightest neutralino, may be relaxed, because it needs only to account for a fraction of the total dark-matter abundance.
The allowed parameter space of the MSSM becomes much bigger and the opportunity for its discovery is enhanced at the LHC. On Fig. 2 , we show the gauge coupling unification of this model [22] . The U (1) Y coupling runs until the SU (2) R breaking scale M R , where α
and α L = α R . After M R , the gauge symmetry SU (2) L and SU (2) R are unified with a coupling α LR . From the requirement of gauge-coupling unification, it was shown that if the SU (2) R breaking scale M R equals to the supersymmetry breaking scale M S , the mass scale M X of the singlet superfields ζ 1,2,3 should obey
Given that the LHC has not seen any evidence of supersymmetry up to now, we can set
In that case, M X ≥ 50 TeV (the dashed line in Fig. 2 is included to easily observe the change of slope at M X in the running of α X ). As a result, interactions involving ζ 1,2,3 may be ignored in our studies of dark matter. We further assume that the N 1,2,3 singlets are also heavy, so they may also be ignored. This added flexibility should relax some of the most stringent constraints facing the MSSM today.
Bound on Z from LHC data
Z couples to the current [18, 21 ]
with strength
Given the unification requirements in [22] , we assume,
We evaluate the bound on the mass of Gauge Boson masses are calculated to be: 
In Fig. 4 , we show the linear dependence of the Z and W R mass on the ratio of Higgs vacuum expectation values r following Eqn. 7. We note that mass of Z is bigger than W R for M Z ≥ 30 GeV. The bound on M Z ≥ 2 TeV from LHC eventually put a bound on r ≥ 25 as shown. In the following analysis, we use r as a plotting variable instead of M Z or M W R . The expressions for thermally averaged cross-section ( σv ) for these two DM components annihilating to SM are indicated in Eqn. 8 and Eqn. 9.
Relic Abundance of n andη
With the unification condition,
0.427 and sin 2 θ W = 0.23, numerically, we obtain:
If we assume the decoupling ofη 
The total abundance will be a sum of the three DM components, i.e. In the three component DM framework, we study a scenario where the two components n andη 0 R dominate in relic abundance leaving a very tiny space for neutralinoχ 0 1 . We will discuss neutralino DM shortly. For example, we focus on a region of parameter space, where,
In such a case, if we assume in addition that each of the components contribute equally, then we end up getting Fig. 9 . This indicates that we obtain two possible masses for a given value of r and Ωh 2 and the difference in n andη Given that the plot is close to a perfect circle, Ω n h 2 ≥ Ω η h 2 in this limit. Hence, if n and Feynman graph is shown in fig. 11 . Due to only this contribution, the spin-independent (SI) cross-section is very small. We use MicrOMEGAs [30] to calculate the effective SI nucleon scattering cross-section.
The parton-level interaction is converted to the nucleon level by using effective nucleon f q N (N = p, n) couplings defined as [30] 
where M N is the nucleon mass and we use the default form factors in [30] as f 
The results are shown in Fig. 12 . The bounds from XENON100 (above) and XENON1T
(below) are shown in two continuous lines in purple and red respectively. Any points above 
The thickness of the direct detection cross-section essentially comes from the fraction
, which has been varied between 1-45 % forη 0 R (in blue) and 45-90% for n (in green).
Hence, points at the bottom of the blue box constitute only 1% while those at the top in green constitute 90% of the total DM. The unequal thickness in blue and green box is due to the logarithmic scale of the effective cross-section.
The direct detection cross-section also doesn't depend on DM mass, while it depends on the Z mass very much. With higher M Z they go down even below to make it harder for direct search. Possibility of early discovery of these DMs in near-future experiments seems to be small, although they are surely allowed by the exclusion limits set by XENON.
Relic Abundance and Direct detection of Wino type of Neutralinoχ 0 1
Let us now discuss the lightest neutralino (χ For simplicity, we take a limit where the neutralino DM is predominantly a wino. In this limit, the neutralino of this model can easily mimic minimal supersymmetric Standard
. This is explicitly shown in the Appendix. In Fig. 13 , we show as an example, that when µ L (x-axis)
is larger than M L (which we set at 0.6 TeV), fraction of bino and Higgsino components in It is also known that when lightest chargino is degenerate with neutralino DM, coannihilation occurs [31] , makingχ 0 1 annihilation cross-section much larger to yield very small abundance. This has been crafted in different ways [32] [33] [34] [35] [36] to make wino a viable DM candidate by having moduli decay in anomaly mediated SUSY breaking [33] or by non-thermal productions [36] etc. Wino DM has been studied also to justify PAMELA data [37] . However, the under-abundance works perfectly fine for us with the other two components to make up. Of course, other regions of neutralino DM parameter space where it is an admixture of Higgsino-wino-bino that yields under-abundance is also allowed for the model. We We use MicrOMEGAs [30] to evaluate relic abundance and direct detection cross-sections for neutralino DM which mimics MSSM in the parameter space mentioned above. The direct detection cross-section for neutralino goes through t-channel processes as in Fig. 15 . The squark contribution is negligible as they are heavy 2 TeV. Also, for pure wino, there is no Higgs channel and the Z-channel contributes more to spin-dependent cross-section.
Hence, having some Higgsino fraction in the neutralino enhance direct detection. in Fig.   16 , we see that the neutralino can be accessible to direct detection experiments in near future with points close to XENON100 and XENON1T limit. Points in blue have relic abundance contribution with more than 10% and they have a early detection possibility while points in green have relic density less than 10% and direct detection for them may be delayed depending on the mass and composition. While higher order calculations for direct detection of purely wino DM has been studied [38] to boost direct detection, we are not using them, since we are exploiting a small Higgsino fraction in the neutralino, that increases direct detection while having co-annihilations to yield under-abundance.
The mass range and the wino content in neutralino studied here is consistent with the indirect detection constraints from Fermi Gamma-Ray space telescope or the High Energy Spectroscopic System (H.E.S.S.) [39] .
We also note that the MSSM parameter space scan performed here, doesn't correspond to a specific high-scale SUSY breaking pattern. So, the bounds on the chargino or neutralino masses obtained from LHC [40] , which mostly assumes some specific high-scale pattern like minimal Supergravity (mSUGRA) [41] , are not applicable here. In Fig. 17 , we show a sample point in the three component dark matter parameter space allowed by relic abundance with respect to XENON100 and XENON1T direct detection limit. In this pointχ 0 1 (644 GeV) in green, n (912 GeV) in red andη 0 R (939 GeV) in blue constitutes 10.7%, 62.5% and 26.8% of total DM density respectively.
Summary and Conclusions
In extended LR SUSY model three DM components can co-exist together: the lightest neutralinoχ 0 1 , the lightest scotino n, and the exoticη 0 R Higgsino. We show that in the limit of wino dominatedχ The chargino mass matrices are:
